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Abstract 
Bioaerosols are commonly defined as aerosolized particles with a biological origin. The examples of 
bioaerosols include fungal and bacterial spores/cells, fungal hyphae, pollen, viruses and amoebae, and 
aggregates of these particles. Because airborne viruses such as swine influenza, avian influenza, and foot-
and-mouth disease (FMD) easily spread out through air transmission and the infection through the 
respiratory system is rapidly done, the rapid detection of viral particles is critical. An electrostatic 
precipitator(ESP) is one of the methods to collect airborne viruses. In this work, we designed new 
electrostatic precipitators to increase the collection efficiency as well as to concentrate the captured 
particles on a small area for further tests by using CFD-ACE+. The outlets of the precipitator are located 
on the top next to the inlet instead of the bottom, as is commonly used. In order to verify the authenticity 
of the simulations, the electrostatic precipitator previously developed by Dixkens & Fissan was simulated 
by the same computing software, and the numerical data were compared with experimental data (Dixkens 
& Fissan, 1999, Aerosol Sci. Technol., pp.438-453). Various simulations on the electrostatic precipitator 
were done. The collection efficiency of the new ESP was higher than that of previous ESP developed by 
Dixkens & Fissan(1999, Aerosol Sci. Technol., pp.438-453). 
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1. Introduction 
1.1 Bioaersol 
 Bioaerosols are commonly defined as aerosolized particles with a biological origin. These particles are 
originated from all types of organisms and can be spread out into the air by a various abiotic and biotic 
mechanisms. In the occupational environment, examples of bioaerosols include fungal and bacterial 
spores/cells, fungal hyphae, pollen, viruses and amoebae, aggregates of these particles, and fragments of 
larger organisms including cotton and wood dust, flour, skin scales, animal dander, textile and paper 
fibres. Metabolites and excreta are also included in this context [1]. In the last few decades, concern for 
exposure of bio-aerosols is increasing, in particular, biological agents (the size range: 50 nm to 10 μm) 
such as viruses, bacteria, fungi, and by-products of bacteria are proposed to the cause of many diseases. 
Three main mechanisms of diseases caused by bio-aerosols are hypersensitivity (allergy), toxicity, 
infection [2][3]. Infections of these diseases are SARS [4], foot-and-mouth disease [5] [6], food poisoning, 
exotic newcastle disease [7], etc. The importance of detection to bioaerosols is continuously increasing 
because the speed of infection is very fast and range of infection is very wide. Disease transmission 
caused by bioaerosol is possible in both indoor and outdoor and irrelevant to place. Sometimes infection 
cause by bioaerosol can spread widely through wind in a short time, such as foot-and-mouth disease, and 
sometimes it can spread directly through contact with the host or respiration in closed environment. 
Recently, about a thousand of viruses with different type can infect humans and about 60% of every 
infection has been known as viral infection [8]. Viruses can be spread easily in closed spaces, which 
include the home, schools, workplaces, transport systems, etc. Infection by the virus can’t be easily 
controlled. The preventing infection is very important to control viral particles [2][9]. In addition, it is not 
easy to detect viral particles directly because these particles are invisible. Thus, many professionals have 
continuously made an effort to indentify sort and concentration of airborne particles. Species and 
concentration can be identified by various analytical methods after collecting them 
 
 
 
 
 
 
 
 
 
2 
 
1.2 Detection Methods  
 If danger caused by microorganisms is better understood, proper preventive actions can be taken. In order 
to better control airborne particles, the information such as the nature, concentration, pathogenicity of 
them is needed. Fungi and bacteria in the air can be quantified by the culture and non- culture methods. 
The culture method can identify the species and be changed depending on various factors, which include 
kind of the microorganism collected, growth medium, culture conditions, the presence of other species, 
etc [10]. Visible colony can be directly counted and its unit is defined as colony forming units (CFU). On 
the other hand, microscopic methods such as optical microscopy or electron microscopy, fluorescent 
microscopy have been used to quantify airborne viral particles regardless of culture method. However, 
these methods have limitations to classify kinds of them. On the other hand, molecular biological methods 
can quantify them regardless of the possibility of culturing microorganisms. The most commonly used 
method is quantitative PCR. Typically, the allergen can be quantified by enzyme-linked immunosorbent 
assays (ELISA) [1]. Figure 1.1 shows the sampling method and the identification of bio-aerosols [11]. 
 
 
 
Figure 1.1 Examples of bioaerosol sampling methods and identification with relation to sample 
processing [11] 
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1.3 Collection Methods 
 Information such as of the type and concentration, of airborne viral particles can be obtained by using a 
variety of air sampling methods. Each sampler has advantages and disadvantages. Various sampling and 
analytical methods have been used [10]. 
 
 
 
 
 
Figure 1.2 Various sampling and analytical methods of airborne particles [10]. 
 
 
 Kinds of commonly used air sampler are the solid impactor, liquid impinger, filter, electrostatic 
precipitator(ESP), etc. Solid impactor such as Andersen samplers, slit samplers, and cyclone samplers is 
more effective to capture relatively large particles.  
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1.3.1 Solid impactor  
Andersen sampler and slit sampler accelerate particles through narrow hole and slit. The airflow moves 
and is collided with a solid surface and changes direction. the particles deviate from the streamline by the 
inertia of the particles and impact on a solid surface of culture medium. Andersen samplers have multi-
stages and particles with a particular aerodynamic size range are captured in each stage. This sampler can 
be used to determine the sizes of particles [10][12]. The particles coming into the inlet are accelerated in 
multistage. The largest particles get out of their trajectory with moderate acceleration in the first stage. 
The smaller particles are more accelerated in the second stage, and so on. The size range of a six-stage 
Andersen sampler is from 0.65 µm on the lowest stage to 7.5 µm on the top stage [10]. Virgil A. Marple 
& Klaus had been studied for the design of the impactor [13]. Slit samplers can be used to determine the 
concentrations of viral particles as a function of time. The accelerated particles are collided on a rotating 
petri dish, which contain a culture medium. It is possible to determine the sampling time of each particle. 
The particles are directly resuspended in a liquid medium to increasing the recovery rate of viruses after 
they impact the solid surface. Errington and Powell have studied about small and large cyclone sampler. 
A flow rate of the small cyclone sampler is 75 liters/min, and that of the large one is 350 liters/min [41]. 
Both cyclones use a centrifugal vortex to accelerate the air and the accelerated particles contact with a 
solid surface by the inertia of them. The air sampling and liquid injection rates determine the 
concentration of the airborne particle in the liquid. The advantage of the cyclone sampler is that cyclones 
can concentrate aerosols in large volumes of air over long. But, some studies have reported that this type 
of sampler has low recovery rate of viral particles than other samplers[14][10].  
 
1.3.2 Liquid impinger  
For the first time, May and Harper described various liquid impinger such as All-glass impingers and 
AGI-like samplers, which are commonly used to sampling airborne viruses[15]. Airborne particles are 
coming into a narrow orifice in specific position and accelerated. The flask in impactor contains a 
colleting liquid. A pressure drop is generated in the flask during sampling. The air coming into a glass 
tube moves horizontally and change direction downward. A critical flow orifice has very narrow diameter 
and accelerates the air at sonic velocity. The largest particles coming into the critical flow orifice are 
impacted and collected on the liquid. This collecting liquid enable to the extraction of genetic material, 
which is used to subsequent analysis, by preventing desiccation of samples. Small bubbles are produced 
in the liquid during sampling and can give help to collect very small particles by diffusion. But, the re-
aerosolization of particles can be generated especially in case of hydrophobic particles and interrupt to 
sampling. The Number in name of the AGI sampler indicates the distance, in millimeters, between the tip 
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of the orifice and the base of the flask. Common used standard reference samplers are the AGI-4 sampler 
and AGI-30 sampler [16]. Liquid impactor also can have multistage. Airborne particles with specific 
aerodynamic size are trapped in consecutive stages. These samplers are usually used to determine the size 
distribution of viral particles. Commercialized samplers as Biosampler have been used studying for 
airborne virus. The number and positions of nozzles are different in many types of samplers. While the air 
is accelerated to sonic speed through a single nozzle and move toward the bottom of the flask in the AGI 
sampler, the air is accelerated to sonic speed through three tangential sonic nozzles in the BioSampler. 
When the airborne particles are sampled, the collection liquid moves with a swirling motion. The airborne 
particles get less damaged during than in the AGI-30 sampler [10]. Many studies comparing each sampler 
with others were done. In a study comparing performance of commonly used Andersen 6 stage cascade 
impactor and Reuter Centrifugal Sampler(RCS plus) and the flow rate of Andersen is 28.3 l/min and the 
flow rate of RCS plus is 50 l/min and the collection efficiency of Andersen for airborne mold spore is 
higher than that of  RCS plus [17]. It was reported that Andersen sampler is possible to collect more 
various particles[18]. In addition, study comparing performance of Burkard portable, SAS Super 90 air 
samplers, Andersen 2-stage, RCS plus was done. In this study, the collection efficiency of each sampler is 
higher than the others in special case [19]. In addition, study comparing newly designed Automatic 
Bioaerosol Sampler with six-stage Andersen sampler, all-glass impinge(AGI 30), Casella slit sampler was 
done. Although a difference between collection efficiencies are negligible in the case for bacteria, 
Automatic Bioaerosol Sampler is inefficient than liquid sampler such as AGI 30 in the case of large 
particles such as fungi [20]. In a study for recovery rate of bacteria in Reuter Centrifugal Air Sampler and 
Slit-to-Agar Sampler, recovery rate in RCS is much higher than that in slit to agar sampler [21]. Figure 
1.3 shows a diagram of various samplers [10]. 
 
1.3.3 Filter  
Filters are usually used to trap small airborne particles because many samplers are not efficient to capture 
small particles under aerodynamic size of 500nm. Efficiency of filtration is depending on five 
mechanisms, which are the interception, inertial impaction, diffusion, gravitational settling, and 
electrostatic attraction [40]. The aerodynamic diameter of the airborne particle determines each 
mechanism except for the interception, which is depended on the radius of particles. When the particles 
move along with the streamline and contact with an obstacle, the interception occurs by size of particles. 
When the gas flow changes direction of streamline, an airborne particle impact on obstacle by its inertia 
and the inertial impaction occurs. The particles are forced to deviate from the streamline and to collide 
with surface by its inertia. The diffusion is considerate in case of small particles because the brownian 
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motion affects only very small particles. Sufficiently large particles are forced to move downward by 
gravity and the gravitational settling mechanism occurs. The particle size and the charge of particles and 
the charge difference with filter determine the electrostatic attraction mechanism. This mechanism occurs 
when the movement of particles is effected by the electrostatic force. There are various filters with 
different composition, thickness, and pore size. Filters can give damage to airborne particles and the 
desiccation can adversely affect culture analysis of airborne particles. In order to investigate the impacts 
of environmental factors on viral infectivity, except for molecular biology methods, it is needed to collect 
infectious viral particles in many relevant studies [10]. Membrane filter was used to detect species and 
concentration of airborne particles and it was reported that efficiency is similar and number of detectable 
particles is nearly equivalent to Reyniers air slit sampler [22]. Cellulose filter and Glass filter were often 
used. However, in these filters, additional cooling system may be needed to prevent overheating caused 
by large pressure drop in pump and cooling system with better performance is necessary in cellulose filter 
than glass filter [23].  
 
1.3.4 Electrostatic precipitator (ESP)  
The electrostatic precipitators are composed with charging and collecting electrodes and they have a 
negative or positive potential. When charged particles are coming into the electrostatic field, which is 
induced by the potential difference between charging and collection electrodes, the electric force is 
generated. The charging electrode is usually a thin wire and is positioned in center. The collection 
electrode is usually a stainless-steel cylinder or plate. High voltage is applied to these electrodes. Ions are 
generated by the charging electrode in the electric field and these ions charge the aerosol particles by 
colliding with them. Charged particles move toward the collecting electrode with opposite charge. The 
magnitude of the electric force, which is applied to charged particles, is determined by the voltage on the 
electrode [24]. The strength of electric field increase as the applied voltage increases. The increasing 
magnitude of the electric field accelerates the electron flow and gathers sufficient kinetic energy to 
produce ions and free electrons by the collision of an electron with an atom or a gas molecule.  
Continuous collisions exponentially increase amount of free electrons. This phenomenon is a corona 
discharge [25]. A corona discharger had been used to increase collection efficiency because it can charge 
and collect particles more efficiently. In the case of filters or impactors, collection efficiency is high for 
large particles but it is relatively low for small particles. When particles collide with agar surface, the 
viability of viral particles can be adversely affected by high speed required to collect small particles for 
impactors [26]. In contrast, the electrostatic precipitator is more efficient to collect small particles. For 
this reason, the electrostatic precipitator has been used. Collection efficiency and impact on viability of 
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bacteriophage T3 and MS2 was studied by using an electrostatic precipitator. In this study, biological 
efficiency was lower than physical efficiency because physical efficiency includes dead viral particles. 
When corona discharger was used, the amount of dead bacteriophage increase as electric potential applied 
to collector increase. It was mentioned that voltage applied to electrostatic precipitator can adversely 
affect viability of viral particles [27][28]. In another study, physical and biological collection efficiency 
was compared for Bacillus subtilis var niger (BG) spores and Mycobacterium bovis BCG bacteria, 
Pseudomonas fluorescens bacteria and two efficiencies ware differ depending on species, and it was 
judged that the sensitivity differ in the different species  [29]. Active gases such as ozone and NOx are 
produced when corona discharger is used and these gases adversely affect the viability of the virus 
because they attack the viruses [30]. Therefore, many people have studied for new design of electrostatic 
precipitator to raise collection efficiency without a discharger. In a study, Pseudomonas fluorescens 
vegetative cells, Bacillus subtilis var. niger (BG) endospores and Penicillium brevicompactum fungal 
spores still have a negative charge after passing through neutralizer. In the case of P.fluorescens cell, 
collection efficiency of ESP was higher as two times than that of Biosampler without additional charging 
and ESP was beneficial to viability of sensitive microorganism [31]. Factors that affect the collection 
efficiency except for particle charge are flow rate, voltage applied to electrode, relative humidity, etc. In 
general, collection efficiency is increasing as RH is increasing or flow rate is decreasing or voltage is 
increasing [32]. 
 
 In this paper, the impact of flow field and electric field on collection efficiency to capture nanoparticles 
was investigated and the collection efficiency of new designed electrostatic precipitator was calculated by 
using CFD-ACE+. New one have higher collection efficiency than a previous collector presented by 
Dixkens & Fissan without using a corona discharger, which generates active gases such as ozone and 
NOx and these gases attack viral particles and give structural damage to them. 
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Figure 1.3 Six different types of bioaerosol samplers. Red lines and arrows indicate the airflow into the 
sampler. Blue arrows indicate airflow in the sampler [10]. 
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2. Methods 
2.1 Theory 
 The electrostatic precipitator collects airborne particles inpoured through inlet by the electric attraction. 
In order to simulate the electrostatic precipitator, the flow field and electric field should be calculated. 
The drag force, buoyant force, gravity force and electrostatic force should be considered to compute 
movement of airborne particles. Also, the brownian motion should be considered because particles is in 
nano-scale [33]. In this study, it was assumed that the flow is the steady-state incompressible laminar flow. 
To compute flow field, governing equations of fluid dynamics given by, 
                                                                                            
             μ         
 
                                                          
where u is the fluid velocity,   is the density of fluid, p is the static pressure, μ is the viscosity of fluid, F 
is sum of all the external forces applied to the fluid. The electric field is the electrostatic field. To 
compute the electric field, used governing equations given by [34], 
       
  
  
                                                                                  
                                                                                          
where   is electric potential,    is the space charge density,    is the electrical permittivity in free space 
and E is the intensity of electric field. The collection efficiency of collector can be calculated by tracing 
the trajectory of particles. To calculate the trajectory of particles, Lagrangian Discrete Phase Model (DPM) 
was used and this equation was written as [24] 
                                       
   
  
                                                         
  
  μ        
  
                 
   
 
μ   
      
   
                                         
 Here, m is the mass of particle,    is the velocity of particles, t is the time,    is the diameter of particle, 
   is the density of particle,    is the Cunningham slip correction factor,   is the density of fluid,    is the 
volume of particle, g is the gravitational constant, n is a number of elementary charges of particle,   is the 
unit of elementary charge(              ),   is the Gaussian random factor bounded by -1and +1,    
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is the Boltzman constant, T is the absolute temperature,    is a time step. The Cunningham slip correction 
factor is 
        
 
   
                                                                      
Here, P is the absolute pressure in kPa,    is the diameter of particle in µm [24]. 
2.2 Details of simulation 
 In this study, we used the flow module, electric module, spray module for simulations on newly designed 
electrostatic precipitators. The number of total simulated particles is177. Figure 2.1 shows the position of 
virtual particles on the inlet surface. Each particle is equally apart from other adjacent particles with 
distance as 0.29mm along x-axis and y-axis. All particles are generated on the inlet surface and some 
particles escape through outlets or are trapped on a collecting electrode. But, some particles may stick to 
the wall because viral particles have viscosity. So, it can make a difference of collection efficiency 
between simulations and experiments.  The collection efficiency(%) is defined as a ratio of number of 
generated particles and collected particles.  
         
                                                         
                                             
                                 
 
Figure 2.1 Position of total virtual particles on the inlet surface 
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 Every mesh is hexahedral element and the number of meshes is 1300,000. A difference of the flow rate 
between inlet and outlet is less than 0.000008% and the convergence criteria is     . Table 1 indicates 
properties used on simulations. 
 
Table 1 Properties used on simulations 
Properties of materials 
Density of air 1.225 kg/m^3 
Viscosity of air 1.7894E-5 kg/m·s 
Density of water 997 kg/m^3 
Density of wax 900 kg/m^3 
Density of salt 2170 kg/m^3 
Ambient temperature 300 K 
Ambient pressure 101.3 kPa 
 
 There are two type of velocity profile of fluid used in this study. One is a constant velocity profile and 
the other is a fully developed velocity profile. In reality, since a velocity profile of fluid can be changed 
depending on experimental conditions, the velocity profile in experiments is expected to exist between 
these two velocity profiles. Figure 2.2, 2.3 shows these two velocity profiles at inlet used on simulations. 
Charge of particles depends on a charging method and the proportion of one negative charge is higher 
than others in charge equilibrium. The charge distribution of nano-particles depends on a diameter of 
particle and the proportion of 100 nm, 200 nm, 300nm sized particles having one negative charge is about 
27.42 %, 25.54 %, and 22.71 % [35]. In this study, the collection efficiency of particles having one 
negative charge was calculated. 
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Figure 2.2 Fully developed velocity profile at inlet used in this study 
 
 
Figure 2.3 Constant velocity profile at inlet used in this study 
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2.3 Preliminary validation 
 In this paper, in order to verify the authenticity of simulations, the electrostatic precipitator previously 
developed by Dixkens & Fissan was simulated by using a commercial software CFD-ACE +, then results 
of numerical analysis were compared with experimental data [33] [36]. Figure 2.4 shows geometry of 
collector developed by Dixkens & Fissan. A diameter of electrostatic precipitator is 84 mm and a 
diameter of electrode is 20 mm and a diameter of inlet is 6 mm, a height of electrostatic precipitator is 
about 187 mm. Figure 2.5 shows boundary conditions of previous electrostatic precipitator used on 
simulation and figure 2.6 shows the simulated flow field, electric field, and trace of particles obtained by 
CFD-ACE+. Figure 2.7 shows a graph comparing the simulation with experimental data. Figure 2.8 
shows trajectories of particles depending on the particle size in Dixkens & Fissan's ESP. The collection 
efficiencies of experiments are in range of results of simulation with two type velocity conditions(uniform 
velocity and fully developed velocity). Therefore, in this study, the simulation is consistent with the 
experiment. 
 
 
 
Figure 2.4 Geometrical structure of collector developed by Dixkens & Fissan 
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Figure 2.5 Boundary condition of Dixkens & Fissan’s electrostatic precipitator used in the simulation 
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Figure 2.6 Simulated (a) flow field, (b) electric field, and (c) trace of particles obtained by CFD-ACE+ 
(Dixkens & Fissan’s model, fully developed inlet velocity)  
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Figure 2.7 Numerical data & experimental date (dixkens ESP) 
electric potential : 25 kV, charge number : -1, particles number : 177, flow rate : 0.3 l/min, inlet : uniform 
& fully developed velocity condition, nanoparticles : salt(0.05, 0.1, 0.3, 0.4, 0.5 µm), wax(1, 2 µm)  
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Figure 2.8 Trajectories of particles depending on the particle size in Dixkens & Fissan's ESP 
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3. Simulations of newly designed electrostatic precipitators  
3.1 Geometry 
 The impact of geometric structure on the flow field and the electric field should be considered carefully 
to obtain high collection efficiency because the geometric structure determines the flow field and electric 
field. Simulations were tested in many different conditions to find a design of collector getting a higher 
efficiency than that of conventional model (Dixkens & Fissan). While the shape and diameter of the 
electrostatic precipitator and entrance and electrode, the location of the entrance, the distance between 
inlet and electrode are same as a previous model, the height of the electrostatic precipitator, the location 
of the outlet, the internal structure of an electrostatic precipitator was modified.  
 
3.1.1 Location of outlet 
 There are two type of new design of collector. The inlet diameter and outlet diameter of them are same, 
but the number of outlet is different. First model has one outlet and second model has two outlets. The 
collection efficiency of them was compared. When flow rates of them are same, the fluid velocity of 2 
outlet collector is higher than that of 4 outlet collector because of different total area of outlets. Figure 3.1 
shows the flow field of electrostatic precipitator with 2 outlets and 4 outlets simulated by CFD-ACE+. 
Figure 3.2 shows streamline (on x-y plane) in previous collector and new collectors. A location of outlet 
was changed and the streamline was also changed. The change of outlet's location led to push an air 
toward the center and the concentration of air on electrode helped airborne particles to be captured. 
Consequently, the collection efficiency was increased. 
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Figure 3.1 Flow field of electrostatic precipitator with 2 outlets and 4 outlets simulated by CFD-ACE+  
(a) 2 outlets collector with constant inlet velocity (b) 2 outlets collector with fully developed inlet velocity 
(c) 4 outlets collector with constant inlet velocity (d) 4 outlets collector with fully developed inlet velocity 
 
 
 
 
 
 
(c) 
(b) 
(d) 
(a) 
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Figure 3.2 Streamline on x-y plane in previous collector and new collectors. (a) Dixkens & Fissan 
(b) 2 outlets (c) 4 outlets 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Velocity 
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3.1.2 The height of the electrostatic precipitator 
 The distance between the electrode and bottom might not affect significantly the collection efficiency. 
The height of the electrode decreased by reducing a distance(to 15mm) so as to remove unnecessary 
portion.  
 
3.1.3 The inner structure 
 The electrode diameter was equally set to 10mm. A part supporting plate was removed to reducing 
blocking. Figure 3.3 and 3.4 shows the geometry of the new design of two electrostatic precipitators, 
respectively.  
 
3.1.4 The structure of electrode 
 If the electrode applied with voltage is too closer with the ground, a spark can be generated. As a result, a 
region with zero charge is required between the electrode and ground and the change of location and 
thickness of zero charge area affect and change the electric field. In the original model, the electric 
potential was applied to the top surface of electrode poles and all the sides of electrode pole were zero 
charge. In this study, the impact of configuration of region with zero charge on the collection efficiency 
was investigated. We found appropriate structure by various tests. The electrostatic precipitator designed 
by Dixkens & Fissan had a pole with larger diameter than electrode to support plate and this pole was in 
the same location as the electrode. However, this part induced a phenomenon that fluid flow is blocked 
and spread out around the electrode. That is why the supporting pole was removed and the region of zero 
charge was modified. Change of the region with zero charge lead to different electric field and high 
collection efficiency. Figure 3.5 shows the equipotential line and electric field used in this study. The top 
surface of pole is the electrode(voltage is applied) and upper side surface(10mm) of pole is zero charge 
and lower side surface(5mm) of pole is ground.    
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Figure 3.3 Geometry(2 outlets) - top view, bottom view, front view  
 
Figure 3.4 Geometry(4 outlets) - top view, bottom view, front view  
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Figure 3.5 Equi-potential line ((a) 2 outlets, 4 outlets (b) Dixkens & Fissna) and electric field  
((c) 2 outlets, 4 outlets) used in this simulation.  
          
 
 
 
(c) 
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3.2 Boundary & Initial Condition  
3.2.1 The inlet velocity 
 In most of the electrostatic precipitators, low inlet velocity is used to capture particles because the 
particles with high velocity can't be efficiently captured. In this study, when the inlet velocity is 0.172mm 
/s(flow rate = 0.31 l/min) and two times(0.344 mm/s), the collection efficiency was calculated so as to 
compare with the model designed by Dixkens & Fissan. In addition, when the inlet velocity is 0.648 
mm/s(Q=1.1 l/min), the efficiency was calculated for comparison with other model (Jang et al) 
[33][37][38].  
 
3.2.2 The intensity of electric field 
 When the electric potential applied to electrode is 25 kV, the collection efficiency was calculated to 
compare with the model designed by Dixkens & Fissan. In addition, the collection efficiency was 
calculated as the electric potential is 2kV, 5kV, 10kV, 20kV.  Figure 3.6 shows boundary conditions of 
newly designed collectors and table 2, 3 shows boundary conditions and initial Conditions [5].  
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Figure 3.6 Boundary condition of new designed collector. 
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Figure 3.7 Trajectory of particles in two conditions of the inlet velocity 
electric potential : 25 kV, charge number : -1, particles number : 177, inlet condition : uniform velocity & 
Fully developed velocity, nanoparticles : water, inlet velocity : v=0.172 m/s(Q = 0.31 l/min). 
 
 
2 outlets (uv) 2 outlets (fdv) 
4 outlets (uv) 4 outlets (fdv) 
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Table 2 Boundary conditions used in simulations 
Boundary conditions 
 wall electrode Zero charge inlet outlet 
Fluidic 
condition 
                           m/s        
Electric 
condition 
                                     
 
 
 
 
 
 
 
 
Table 3 Initial conditions used in simulations 
Initial conditions 
Temperature 300 K 
Voltage 0 V 
x-direction flow velocity 0 m/s 
y-direction flow velocity 0 m/s 
z-direction flow velocity 0 m/s 
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4. Results 
4.1. The collection efficiency as function of the particle size  
 The collection efficiency was calculated depending on a diameter of particles. Table 4 indicates the 
collection efficiency of Dixkens & Fissan, 2 outlets, 4 outlets model when a diameter of particles is 0.05 
µm, 0.1 µm, 0.3 µm, 0.4 µm, 1 µm, 2 µm. the size distribution of particles is in range of general virus and 
bacteria size and the particles with diameter of 0.4 µm are difficult to be captured by filters. Virtual 
particles used in simulations are water particles having one negative charge and the number of total 
particles is 177 and the electric potential applied to electrode is 25 kV. The inlet velocity conditions are 
two types that one is a constant velocity and the other is a fully developed velocity and the magnitude of 
inlet velocity is 0.172mm/s(Q = 0.31 l/min). Figure 4.1 represents average value of collection efficiencies 
in two velocity conditions as function of the particle diameter for these three models. In this figure, we 
can know that the efficiency of new two models is higher than that of Dixkens & Fissan. The collection 
efficiency decreases according as particle size increases. The collection efficiency is 100 % until a 
diameter of particles is 0.3 μm. The drag force increases as a diameter of particles increases because it is 
proportional to the surface area of particles. Decline of collection efficiency is expected with the result 
that the drag force becomes larger under constant electric attraction. Maximum difference between 
previous model and new designed models occurs when a diameter of particles is 0.4 μm. The collection 
efficiency of collector with 2 outlets and 4 outlets is higher than that of previous collector and it is 15.8%, 
23.45%, respectively.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
29 
 
Table 4 Collection Efficiency vs Diameter of particles  
reference condition - electric potential : 25 kV, charge number : -1, particles number : 177, inlet 
condition : uniform velocity(uv) & Fully developed velocity(fdv), nanoparticles : water, inlet velocity : 
v=0.172 m/s(Q = 0.31 l/min) 
 
 
0.05 μm 0.1 μm 0.3 μm 0.4 μm 1 μm 2 μm 
Dixkens 
& 
Fissan 
uv 100.00% 100.00% 100.00% 81.92% 27.68% 16.38% 
fdv 100.00% 100.00% 100.00% 67.80% 16.38% 7.34% 
average 100.00% 100.00% 100.00% 74.86% 22.03% 11.86% 
2 outlet 
uv 100.00% 100.00% 100.00% 95.48% 33.33% 16.95% 
fdv 100.00% 100.00% 100.00% 85.88% 20.90% 11.86% 
average 100.00% 100.00% 100.00% 90.68% 27.12% 14.41% 
4 outlet 
uv 100.00% 100.00% 100.00% 100.00% 32.20% 16.95% 
fdv 100.00% 100.00% 100.00% 96.61% 20.90% 10.73% 
average 100.00% 100.00% 100.00% 98.31% 26.55% 13.84% 
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Figure 4.1 Collection Efficiency as function of diameter of particles   
electric potential : 25 kV, charge number : -1, particles number : 177, inlet condition : uniform velocity & 
Fully developed velocity, nanoparticles : water, inlet velocity : v=0.172 m/s(Q = 0.31 l/min). 
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4.2 The collection efficiency depending on the flow rate 
 When the inlet velocity is 0.172 mm/s(v, Q = 0.31 l/min), 0.648 mm/s(v*, Q = 1.1 l/min), 0.344 mm/s(2v, 
Q = 0.62 l/min), we calculated the collection efficiency of electrostatic precipitator with 2 outlets and 4 
outlets to investigate relation with the flow rate.  All the conditions are same as previous simulations 
except for inlet velocity. Figure 4.2, 4.3 shows the collection efficiency depending on flow rate. The 
collection efficiency decreases as the flow rate increases. The collection efficiency of collector with 4 
outlets is higher than the others until a diameter of particles is 1 μm and the collection efficiency of 
collector with 2 outlets is higher than the others when a diameter of particles is 2 μm. Both models have 
higher collection efficiency than conventional model and maximum difference between collection 
efficiencies was generated when a diameter of particles is 0.4 μm.  
 
4.3 The collection efficiency depending on the intensity of electric field 
 When the electric potential applied to electrode is 2 kV, 5 kV, 10kV, 20 kV, 25 kV, collection 
efficiencies were calculated to investigate relation between the collection efficiency and intensity of 
electric field. The Inlet velocity of flow is same as that in chapter 4.2 and the diameter of particles is 0.1 
µm, 0.4 µm, 1 µm and the other conditions are same as other simulations. Table 5 indicates the collection 
efficiency depending on intensity of electric field and the collection efficiency increases as the electric 
potential increases because the electrostatic attraction also increases and the collection efficiency 
decreases as the particle size increases.  
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Figure 4.2 Collection Efficiency as function of flow rate  
electric potential : 25 kV, charge number : -1, particles number : 177, inlet condition : fully developed 
velocity, nanoparticles : water, inlet velocity : v(0.172 m/s, Q = 0.31 l/min), 2v(0.344 m/s, Q = 0.62 
l/min), v*(0.648 m/s, Q = 1.1 l/min) 
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Figure 4.3 Collection Efficiency as function of flow rate  
electric potential : 25 kV, charge number : -1, particles number : 177, inlet condition : uniform velocity, 
nanoparticles : water, inlet velocity : v(0.172 m/s, Q = 0.31 l/min), 2v(0.344 m/s, Q = 0.62 l/min), 
v*(0.648 m/s, Q = 1.1 l/min) 
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Figure 4.4 Trajectories of particles depending on the flow rate 
electric potential : 25 kV, charge number : -1, particles number : 177, inlet condition : fully developed 
velocity, nanoparticles : water, inlet velocity : v(0.172 m/s, Q = 0.31 l/min), 2v(0.344 m/s, Q = 0.62 
l/min), v*(0.648 m/s, Q = 1.1 l/min) 
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Figure 4.5 Trajectories of particles depending on intensity of electric potential 
electric potential : 25 kV, charge number : -1, particles number : 177, inlet condition : uniform velocity, 
nanoparticles : water, inlet velocity : v(0.172 m/s, Q = 0.31 l/min) 
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Table 5 Collection Efficiency depending on Electric Potential (Dixkens & Fissan) 
electric potential : 2, 5, 10, 20, 25 kV, charge number : -1, particles number : 177, inlet condition : 
uniform velocity(uv) & Fully developed velocity(fdv), nanoparticles : water, inlet velocity : v(0.172 m/s, 
Q = 0.31 l/min), 2v(0.344 m/s, Q = 0.62 l/min), v*(0.648 m/s, Q = 1.1 l/min) 
 
Dixkens & Fissan 
   
2 kV 5 kV 10 kV 20 kV 25 kV 
1v 
0.1  μm 
uv 56.50% 100.00% 100.00% 100.00% 100.00% 
fdv 38.98% 100.00% 100.00% 100.00% 100.00% 
0.4  μm 
uv 7.34% 18.64% 35.03% 68.36% 81.92% 
fdv 2.82% 11.86% 20.90% 49.72% 67.80% 
1  μm 
uv 2.82% 5.08% 11.86% 22.60% 27.68% 
fdv 0.56% 2.82% 5.08% 11.86% 16.38% 
2v 
0.1  μm 
uv 32.20% 77.40% 100.00% 100.00% 100.00% 
fdv 15.82% 53.67% 100.00% 100.00% 100.00% 
0.4  μm 
uv 5.08% 11.30% 16.38% 38.98% 45.76% 
fdv 2.82% 5.08% 11.86% 20.90% 25.42% 
1  μm 
uv 2.82% 5.08% 5.08% 11.86% 11.86% 
fdv 0.56% 2.82% 3.95% 5.08% 7.34% 
v* 
0.1  μm 
uv 17.51% 38.98% 81.92% 100.00% 100.00% 
fdv 11.86% 23.73% 61.58% 100.00% 100.00% 
0.4  μm 
uv 2.82% 5.08% 11.86% 20.90% 25.42% 
fdv 2.82% 2.82% 5.08% 11.86% 12.43% 
1  μm 
uv 2.82% 2.82% 5.08% 7.34% 11.86% 
fdv 1.13% 2.82% 2.82% 5.08% 5.08% 
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Table 6 Collection Efficiency depending on Electric Potential (2 outlets) 
electric potential : 2, 5, 10, 20, 25 kV, charge number : -1, particles number : 177, inlet condition : 
uniform velocity & Fully developed velocity, nanoparticles : water, inlet velocity : v(0.172 m/s, Q = 0.31 
l/min), 2v(0.344 m/s, Q = 0.62 l/min), v*(0.648 m/s, Q = 1.1 l/min) 
2 outlets collector 
   
2 kV 5 kV 10 kV 20 kV 25 kV 
1v 
0.1  μm 
uv 66.67% 100.00% 100.00% 100.00% 100.00% 
fdv 43.50% 100.00% 100.00% 100.00% 100.00% 
0.4  μm 
uv 11.30% 22.03% 38.42% 76.27% 95.48% 
fdv 5.08% 11.86% 25.42% 55.93% 85.88% 
1  μm 
uv 5.08% 7.34% 14.12% 25.42% 33.33% 
fdv 2.82% 5.08% 9.60% 16.38% 20.90% 
2v 
0.1  μm 
uv 38.98% 93.79% 100.00% 100.00% 100.00% 
fdv 25.42% 78.53% 100.00% 100.00% 100.00% 
0.4  μm 
uv 11.86% 19.21% 25.42% 45.76% 55.37% 
fdv 5.08% 11.86% 19.21% 30.51% 37.85% 
1  μm 
uv 7.34% 11.86% 12.43% 20.90% 24.86% 
fdv 5.08% 5.08% 8.47% 11.86% 14.12% 
v* 
0.1  μm 
uv 29.38% 55.37% 97.74% 100.00% 100.00% 
fdv 18.08% 38.98% 97.74% 100.00% 100.00% 
0.4  μm 
uv 11.86% 12.99% 22.60% 34.46% 38.98% 
fdv 5.08% 7.34% 11.86% 18.64% 23.16% 
1  μm 
uv 9.04% 11.86% 11.86% 16.38% 16.95% 
fdv 5.08% 5.08% 7.34% 8.47% 11.86% 
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Table 7 Collection Efficiency depending on Electric Potential (4 outlet) 
 electric potential : 2, 5, 10, 20, 25 kV, charge number : -1, particles number : 177, inlet condition : 
uniform velocity & Fully developed velocity, nanoparticles : water, inlet velocity : v(0.172 m/s, Q = 0.31 
l/min), 2v(0.344 m/s, Q = 0.62 l/min), v*(0.648 m/s, Q = 1.1 l/min) 
4 outlets collector 
   
2 kV 5 kV 10 kV 20 kV 25 kV 
1v 
0.1  μm 
uv 65.54% 100.00% 100.00% 100.00% 100.00% 
fdv 40.68% 100.00% 100.00% 100.00% 100.00% 
0.4  μm 
uv 8.47% 22.03% 38.98% 77.40% 100.00% 
fdv 5.08% 11.86% 25.42% 54.80% 96.91% 
1  μm 
uv 5.08% 7.34% 13.56% 25.42% 32.20% 
fdv 2.82% 5.08% 7.34% 14.69% 20.90% 
2v 
0.1  μm 
uv 38.42% 88.14% 100.00% 100.00% 100.00% 
fdv 20.90% 75.71% 100.00% 100.00% 100.00% 
0.4  μm 
uv 7.34% 13.56% 23.16% 42.37% 54.24% 
fdv 5.08% 7.34% 12.43% 25.42% 33.90% 
1  μm 
uv 5.08% 7.34% 11.86% 16.38% 20.90% 
fdv 4.52% 5.08% 5.08% 11.86% 11.86% 
v* 
0.1  μm 
uv 25.42% 49.72% 87.57% 100.00% 100.00% 
fdv 11.86% 29.94% 78.53% 100.00% 100.00% 
0.4  μm 
uv 6.78% 11.86% 16.38% 25.42% 33.33% 
fdv 5.08% 5.08% 11.30% 14.12% 19.77% 
1  μm 
uv 5.08% 5.08% 9.04% 11.86% 14.12% 
fdv 2.82% 2.82% 5.08% 5.08% 7.34% 
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4.4 The collection efficiency when a corona discharger was used 
 The electrostatic precipitator is more efficient to capture relatively small particles, but it is not efficient to 
capture relatively large particles. In order to capture large particles, charging methods are available to 
increase quantity of particle’s charge such as corona discharger that it is common method. We calculated 
the collection efficiency when using a corona discharger. The electric potential applied to electrode is 25 
kV and the inlet velocity is identical to previous simulations and the diameter of particles is 0.1 µm, 0.4 
µm, 1 µm. The other conditions are same with other simulations. Table 8 indicates quantity of electric 
charge which particles have and figure 4.4 shows the collection efficiency when using buscher’s corona 
discharger to charge particles [39]. The collection efficiency was measured as 100% in any case and is 
consistent with the experimental data in Dixkens & Fissan’s paper [9]. 
 
Table 8 Charge number due to charging in Büscher’s corona (Büscher and Schmidt-Ott 1992) 
    100 nm 400 nm 1000 nm 
n  - 2 - 40 - 110 
 
 
Figure 4.6 Collection efficiency(particles are charged with a corona charger) 
electric potential : 25 kV, n : charge number, particles number : 177, inlet condition : uniform velocity & 
Fully developed velocity, nanoparticles : water, inlet velocity : v(0.172 m/s, Q = 0.31 l/min), 2v(0.344 
m/s, Q = 0.62 l/min), v*(0.648 m/s, Q = 1.1 l/min) 
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5. Conclusion 
 In this work, new electrostatic precipitators were simulated by using a commercial software CFD-ACE+ 
and the effect of electric field and flow field on the collection efficiency was investigated and the 
collection efficiency of new electrostatic precipitators was calculated. It was observed that the collection 
efficiency is increasing as the inlet velocity(flow rate) and diameter of particles are decreasing and the 
electric potential applied to electrode is increasing. The collection efficiency of new electrostatic 
precipitators calculated by CFD-ACE+ is higher than the collection efficiency of conventional one 
developed by Dixkens & Fissan in same conditions that include the inlet velocity, electric potential, 
number of particles, materials of particles, etc. Noticeable results are following. 
 
 In order to verify the authenticity of simulations, the electrostatic precipitator previously 
developed by Dixkens & Fissan was simulated by using a commercial software CFD-ACE + and 
then results of numerical analysis were compared with experimental data and the simulation was 
consistent with the experiment. 
 The change of outlet's location led to the concentration of air toward electrode and helped 
airborne particles to be captured. Consequently, the collection efficiency was increased. 
 The air blocking by obstacle was reduced by removing the plate support and the location of area 
with zero charge was changed. As a result, the collection efficiency was increased. 
 In the reference condition, the collection efficiency was estimated as 100% up to the diameter of 
0.3 µm and the maximum difference between previous model and new designed models 
occurred when a diameter of particles is 0.4 μm and the collection efficiency of collector with 2 
outlets and 4 outlets was higher than that of previous collector. The difference in the collection 
efficiencies is 15.8 %(2 outlets) and 23.45%(4 outlets), respectively. 
 The collection efficiency was calculated in three flow rates, which are 0.31 l/min(v=0.172 mm/s), 
0.62 l/min(v2=0.344 mm/s), and 1.1 l/min(v*=0.648 mm/s), and the collection efficiency of new 
ESP was higher than that of previous one in most of cases and maximum difference occurred 
when a diameter of particles is 0.4 μm. 
 The collection efficiency was calculated in five electric potential conditions, which are 2 kV, 5 
kV, 10 kV, 20 kV, 25 kV. In every case, it was observed that the collection efficiency of new 
ESP was same or higher than that of previous one. 
 When a corona discharger is used, the collection efficiency of new collectors is estimated as 100% 
in every case with the reference condition.   
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